Homologous recombination (HR) is a universally conserved DNA repair pathway that can result in the exchange of genetic material. In eukaryotes, HR has evolved into an essential step in meiosis. During meiosis many eukaryotes utilize a two-recombinase pathway. This system consists of Rad51 and the meiosis-specific recombinase Dmc1. Both recombinases have distinct activities during meiotic HR, despite being highly similar in sequence and having closely related biochemical activities, raising the question of how these two proteins can perform separate functions. A likely explanation for their differential regulation involves the meiosis-specific recombination proteins Hop2 and Mnd1, which are part of a highly conserved eukaryotic protein complex that participates in HR, albeit through poorly understood mechanisms. To better understand how Hop2-Mnd1 functions during HR, here we used DNA curtains in conjunction with singlemolecule imaging to measure and quantify the binding of the Hop2-Mnd1 complex from Saccharomyces cerevisiae to recombination intermediates comprising Rad51-and Dmc1-ssDNA in real time. We found that yeast Hop2-Mnd1 bound rapidly to Dmc1-ssDNA filaments with high affinity and remained bound for ϳ1.3 min before dissociating. We also observed that this binding interaction was highly specific for Dmc1 and found no evidence for an association of Hop2-Mnd1 with Rad51-ssDNA or RPA-ssDNA. Our findings provide new quantitative insights into the binding dynamics of Hop2-Mnd1 with the meiotic presynaptic complex. On the basis of these findings, we propose a model in which recombinase specificities for meiotic accessory proteins enhance separation of the recombinases' functions during meiotic HR. . 3 The abbreviations used are: HR, homologous recombination; DSB, doublestrand DNA break(s); RPA, replication protein A; TIRFM, total internal reflection microscopy; CLB, cell lysis buffer; ROI, region of interest.
Homologous recombination (HR), 3 a DNA repair pathway used to repair double-strand DNA breaks (DSB), is essential for maintaining genome stability. In addition, HR-mediated pairing of homologous chromosomes during the first meiotic division is essential for efficient chromosome segregation, and meiotic recombination also allows for the generation of genetically diverse progeny (1) . As such, defects in HR-related proteins can predispose patients to infertility, cancer, and other severe genetic disorders (2, 3) .
HR utilizes a homologous DNA as a template to guide break repair in a nearly error-free manner (4 -7) . During mitotic growth, DSBs can arise from spontaneous DNA damage because of exogenous agents (e.g. ionizing radiation or DNAdamaging chemicals), programmed breaks during developmentally regulated DNA rearrangements (e.g. MAT switching in Saccharomyces cerevisiae), or errors during DNA replication (6 -8) . Whereas during meiosis, programmed DSBs are initiated through the action of the universally conserved Spo11 enzyme (9, 10) , HR proceeds through the resection of broken double-strand DNA (dsDNA), yielding long single-strand DNA (ssDNA) overhangs that are paired with a homologous dsDNA elsewhere in the genome and used as a template for the repair of the damaged DNA (11) (12) (13) . The 3Ј-ssDNA overhangs are first bound by the heterotrimeric eukaryotic ssDNA-binding protein, RPA (replication protein A), which protects the ssDNA from nucleases, removes secondary structure, and serves as a signal for initiating the DNA damage response (14 -16) . RPA is replaced by either Rad51 during mitosis or by both Rad51 and Dmc1 during meiosis (7, (17) (18) (19) (20) (21) . Rad51 and Dmc1 are closely related ATP-dependent DNA recombinases that form extended right-handed helical filament on the ssDNA (22) (23) (24) (25) . These nucleoprotein filaments, referred to as presynaptic complexes, are responsible for promoting key DNA transactions during the early stages of HR (7, 21, 26) . The presynaptic complex first locates a homologous dsDNA template through a process referred to as the homology search (17, [27] [28] [29] [30] . The presynaptic complex then pairs the bound ssDNA with the complementary strand from the homologous dsDNA template (7, 17, 21, 24, (31) (32) (33) . This strand invasion reaction results in displacement of the noncomplementary strand, and the resulting D-loop intermediate can be processed through several different pathways, leading to repair of the damaged DNA (1, 4, 6, 7, 26, 34 -38) .
Dmc1 and Rad51 arose from a gene duplication event during the early history of eukaryotic evolution (39) ; these proteins still retain ϳ46% identical amino acid sequence and share the same basic biochemical activities (22, 33, 40 -42) . Both recombinases are ATP-dependent DNA-binding proteins that form extended helical filaments on ssDNA (17, 33) . However, the catalytic activity of Rad51 is not required for the completion of meiosis; instead the role of Rad51 during meiosis is to facilitate the loading of Dmc1 onto the ssDNA overhangs (18, 20, 43, 44) . Dmc1 is then able to promote strand invasion (43, 45, 46) . Given the striking similarity between these recombinases, we do not have a complete understanding of how the basic biochemical activities of these two recombinases are differentially regulated or even why both recombinases are necessary.
Recently, several biochemical differences between Rad51 and Dmc1 have been identified. These include the requirement for calcium ions in Dmc1 activity (40, (47) (48) (49) ; the ability of Dmc1 to stabilize strand invasion complexes with partially mismatched homology in vitro (27, 28, 33) ; and the ability of Rad51 and Dmc1 to self-segregate into isolated filaments both in vitro and in vivo (18, 48) . It is also likely that the differential regulation of these two recombinases during mitotic and meiotic growth may be dictated by cofactor proteins that are able to interact exclusively with either Rad51 or Dmc1. For instance, in S. cerevisiae, the meiosis-specific protein Hed1 binds exclusively to Rad51 and inhibits the binding of Rad54 (49 -52) . Rad54 is an essential cofactor for Rad51 strand invasion activity, and thus the Hed1-mediated inhibition of Rad54 binding prevents Rad51 from performing strand invasion during meiosis (53) (54) (55) .
Eukaryotic Hop2-Mnd1 is a highly conserved heterodimeric protein complex, which stabilizes the presynaptic complex and facilitates capture of homologous DNA templates during the early stages of HR (40, 56 -60) . Like Hed1, S. cerevisiae Hop2-Mnd1 is expressed only during meiosis, and Hop2-Mnd1 interacts with Dmc1 but does not stimulate strand exchange by Rad51, indicating that yeast Hop2-Mnd1 is a meiosis-specific recombination accessory factor (40) . Accordingly, S. cerevisiae hop2⌬ and mnd1⌬ mutants exhibit numerous meiotic defects including aberrant synapsis between nonhomologous chromosomes, defects in completion of DSB repair, and developmental arrests at the pachytene stage of meiosis (57, 61, 62) . Interestingly, Hop2 and Mnd1 are found in many eukaryotic organisms, but they are absent in organisms such as Sordaria macrospora, Drosophila melanogaster, and Caenorhabditis elegans, all of which also lack Dmc1; this strongly suggests that Hop2-Mnd1 has a specific role in promoting Dmc1-dependent HR during meiosis (63) .
Surprisingly, both biochemical and genetic data have revealed a mitotic role for Hop2-Mnd1 in higher eukaryotes. Hop2-Mnd1 is broadly expressed in ALT (alternative lengthening of telomeres) cell lines and plays a role in promoting a Rad51-dependent homology search that allows for interchro-mosomal recombination between telomeres in these mitotic cells (64) . Moreover, mammalian HOP2-MND1 stimulates the DNA strand exchange activities of both RAD51 and DMC1 in vitro (65) (66) (67) , mutations in human HOP2 have been found in early-onset familial breast and ovarian cancer patients (68) , and HOP2 point mutations have also been linked to XX ovarian dysgenesis (65) . Together, these studies imply that mammalian HOP2-MND1 may have a broader role in genome maintenance and cancer biology. Thus, studies of yeast Hop2-Mnd1 may yield new insights into HOP2-MND1 functions in vertebrates.
Hop2 and Mnd1 together function as an obligate heterodimer (69) , and early structural experiments with Hop2-Mnd1 suggest that the complex forms an elongated structure that exists as an isolated heterodimer in solution (67) . Recently, a crystal structure of Giardia lamblia Hop2-Mnd1 confirmed that the complex has an elongated V-like shape and revealed that the interface between Hop2 and Mnd1 is stabilized by three sequential ␣-helices connected by leucine zipper domains (70) . The structure also revealed a winged-helix domain consisting of regions from both Hop2 and Mnd1 that form a unified dsDNA-binding domain (70, 71) . Hop2-Mnd1 has high affinity and specificity for dsDNA over ssDNA, and functional analysis of Mus musculus Hop2-Mnd1 has determined that the recombinase-binding domain of Hop2-Mnd1 is located on the opposite end of the complex from the DNA-binding domain (65, 67) . Together, these studies suggest a model in which Hop2-Mnd1 may promote HR during meiosis by helping Dmc1 (in yeast) or both Rad51 and Dmc1 (in higher eukaryotes) to capture dsDNA.
Despite the wealth of biochemical understanding of Hop2-Mnd1 function, the relationship among Dmc1, Rad51, and Hop2-Mnd1 is not fully understood. For instance, to date there are no quantitative data available describing the interactions between Hop2-Mnd1 and the presynaptic complex. As part of a continuing effort to understand the structural properties and dynamics of the meiotic presynaptic complex, here we have used ssDNA curtains with single-molecule imaging to directly visualize the binding properties of S. cerevisiae Hop2-Mnd1 with presynaptic complexes composed of yeast Rad51-ssDNA, Dmc1-ssDNA, or both recombinases in real time. In this study we showed that yeast Hop2-Mnd1 binds specifically to Dmc1-ssDNA and does not interact with Rad51-ssDNA. Furthermore, we found that although Hop2-Mnd1 has high affinity for Dmc1-ssDNA, the binding is dynamic and Hop2-Mnd1 readily exchanges between the free and bound states. Finally, we show that Hop2-Mnd1 retains its binding specificity for Dmc1 even in mixed recombinase filaments containing both Rad51 and Dmc1. We discuss the possible implications of these findings for Hop2-Mnd1 function during meiotic recombination.
Results

Hop2-Mnd1 binding is specific for Dmc1
Hop2-Mnd1 is essential during meiotic HR (59, 60, 62) . However, many of the basic biophysical properties of Hop2-Mnd1 binding to Dmc1 presynaptic filaments remain unknown. To address these questions, we generated a Mnd1-Hop2-Mnd1 interacts dynamically with meiotic Dmc1 filaments mCherry fusion protein. We chose to fuse the mCherry fluorescent protein to the C terminus of Mnd1 because Mnd1-GFP compliments the mnd1⌬ phenotype in yeast cells, suggesting that this fusion construct retains biological function in vivo (57) . This fusion protein forms a stable complex with His 6 -Hop2 when co-expressed in Escherichia coli. Hop2 and Mnd1-mCherry can then be co-purified though the His 6 tag on Hop2 (see "Experimental procedures"). For brevity, the protein complex will be referred to as Hop2-Mnd1-mCherry. We then visualized the binding of Hop2-Mnd1-mCherry to Dmc1-ssDNA presynaptic complexes using ssDNA curtains with a total internal reflection fluorescence microscope (TIRFM) ( We first measured the binding properties of Hop2-Mnd1-mCherry under equilibrium conditions. For these measurements, we titrated 0.1 to 30 nM Hop2-Mnd1-mCherry into reactions containing preassembled Dmc1-ssDNA (Figs. 1B and Fig. 2, A and B) . At the lower end of this titration, Hop2-Mnd1 association with the Dmc1-ssDNA was observed as individual binding events ( Fig. 2A ) randomly distributed along the Dmc1-ssDNA ( Fig. 2C ). As the concentration increased, Hop2-Mnd1 began to saturate the Dmc1-ssDNA presynaptic complexes, resulting in a more uniform distribution of mCherry fluorescence signal along the length of the Dmc1-ssDNA complexes ( Fig. 2A ). To quantify the binding of Hop2-Mnd1, we measured the integrated mCherry signal intensity along each ssDNA molecule at each protein concentration tested. Background from a region lacking DNA was subtracted from the integrated signal intensity. The measured intensities at each concentration were plotted, and the data were fit using the Hill equation (Fig. 2B ). The resulting analysis revealed that the K d of Hop2-Mnd1 for binding to the Dmc1-ssDNA was 11.6 Ϯ 8 nM with an h value (Hill coefficient) of 0.75 Ϯ 0.11 and a mean maximum signal intensity (B max ) of 39,800 Ϯ 8,552 arbitrary units. These values illustrate the high affinity of Hop2-Mnd1 for the Dmc1-ssDNA filament and reveal a weakly anti-cooperative binding behavior. The weakly anti-cooperative behavior means that individual Hop2-Mnd1 binding events do not promote further binding of Hop2-Mnd1 in the same region of the Dmc1 filament. In contrast, no Hop2-Mnd1 binding to Rad51-ssDNA filaments was observed under similar conditions ( Fig. 2D ); we also observed no binding to RPA-ssDNA (not shown). This observation is in agreement with previous reports that yeast Hop2-Mnd1 functions exclusively with Dmc1 (40) .
Hop2-Mnd1 binds as isolated heterodimeric units
Previous analysis by size exclusion chromatography revealed that Hop2-Mnd1 behaves primarily as an elongated, heterodimeric 50-kDa complex in free solution (67, 69) . We next tested whether the minimal binding unit of Hop2-Mnd1 to Dmc1-ssDNA filaments was in fact a single heterodimer or whether . Error bars were generated by bootstrapping the data using a custom Python script (48) . D, wide-field TIRFM images of Dmc1-ssDNA molecules or Rad51-ssDNA molecules in the presence of 10 nM Hop2-Mnd1-mCherry (magenta).
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Hop2-Mnd1 might form high-order oligomers prior to interacting with the Dmc1-ssDNA. To measure this quantity, we bound Hop2-Mnd1 to Dmc1-ssDNA filaments at low concentrations (0.1 nM Hop2-Mnd1) and allowed the reaction to reach equilibrium. These measurements were intentionally made at low protein concentrations to ensure that the observed photobleaching steps could be attributed to single rather than multiple binding events. We then monitored the Hop2-Mnd1-mCherry signal without laser shuttering while measuring the rate at which the individual fluorescent signals photobleached. Under these illumination conditions, the bound Hop2-Mnd1-mCherry complexes rapidly photobleached, as revealed by the sudden loss of signal intensity and the number of photobleaching steps, signifying the number of mCherry molecules/binding event (Fig. 3, A and B) . We found that a majority (ϳ75%) of the Hop2-Mnd1 molecules underwent single-step photobleaching with fewer complexes (ϳ25%) exhibiting two or more photobleaching steps ( Fig. 3 , B and C). We can state that the protein complex binds as a single heterodimer at 0.1 nM Hop2-Mnd1, but we cannot unequivocally state that it binds as a single heterodimer at 10 -30 nM Hop2-Mnd1. Despite this caveat, given that the binding behavior was not positively cooperative, it is not unreasonable to conclude that there was no change in the associating units (i.e. single heterodimers) for the higher concentration regimes. We conclude that under the conditions used for our experiments, Hop2-Mnd1 binds to the Dmc1-ssDNA filaments primarily as a monomeric complex.
Substoichiometric association of Hop2-Mnd1 with Dmc1-ssDNA
We also utilized photobleaching data to estimate the ratio of Hop2-Mnd1-mCherry to Dmc1 at various concentrations within the titration curve. For this analysis we quantified the absolute mCherry signal intensity value of each photobleaching step and fit the resulting data to a Gaussian distribution to define the mean signal intensity per bound molecule of Hop2-Mnd1-mCherry. This quantitation revealed a mean mCherry signal intensity value of 70 Ϯ 5 arbitrary units/bound complex of Hop2-Mnd1-mCherry ( Fig. 3D ). We then estimated the total number of bound Hop2-Mnd1-mCherry complexes by dividing the mean integrated signal intensity values for Hop2-Mnd1-mCherry binding at each concentration point within the titration curve ( Fig. 2A ) by the mean signal intensity value calculated for a single Hop2-Mnd1-mCherry complex (Fig.  3D ). From this analysis, we estimated that at 0.1, 0.3, 1.0, 3.0, 10, and 30 nM Hop2-Mnd1-mCherry there were ϳ40, 44, 77, 156, 273, and 373 molecules of Hop2-Mnd1-mCherry bound per molecule of Dmc1-ssDNA, respectively. We estimated that each ssDNA molecule was bound by ϳ12,000 Dmc1 monomers; this estimate is based on an ssDNA length of 36,000 nucleotides (measured from the barriers to the pedestals (27)) and bound at a ratio of 1 Dmc1 monomer/3 nucleotides. These values correspond to ratios of Dmc1 to Hop2-Mnd1 of ϳ300:1, 266:1, 153:1, 76:1, 44:1, 32:1, and 21:1 for experiments conducted at 0.1, 0.3, 1.0, 3.0, 10 and 30 nM Hop2-Mnd1-mCherry, respectively (Fig. 3E ). The maximum amount of Hop2-Mnd1 that could bind to the Dmc1-ssDNA filaments at saturation was estimated from the B max value determined when the Hop2-Mnd1 binding data were fit by the Hill equation (Fig.  2B ). We concluded that under the conditions of our experiments,Hop2-Mnd1bindstoDmc1-ssDNAfilamentsinsubstoichiometric ratios, which is also consistent with the substoichiometric ratios of Hop2-Mnd1 required to stimulate Dmc1mediated strand invasion using in vitro assays (40) .
Hop2-Mnd1 binding kinetics
Our data revealed a ϳ12 nM K d for Hop2-Mnd1-mCherry association with the Dmc1-ssDNA presynaptic complex. This tight binding affinity is in good agreement with Hop2-Mnd1 serving as a component of the meiotic presynaptic complex. To further understand the implications of the observed K d value, we sought to more fully understand the association and dissociation kinetics of Hop2-Mnd1 during its interactions with the Dmc1-ssDNA complexes. We first tested how quickly Hop2-Mnd1 dissociated from Dmc1-ssDNA by measuring the loss of the Hop2-Mnd1-mCherry signal over time. For these measurements we prebound Hop2-Mnd1-mCherry (10 nM) to Dmc1-ssDNA presynaptic complexes. Unbound Hop2-Mnd1-mCherry was then quickly flushed from the sample chamber while monitoring the loss of mCherry fluorescence signal from the tethered Dmc1-ssDNA molecules over time (Fig. 4A ). The integrated fluorescence signal was then plotted over time and used to determine the dissociation rate constant (k off ) and binding half-life (t1 ⁄ 2 ) for the Hop2-Mnd1-mCherry interaction with Dmc1-ssDNA ( Fig. 4, B-D) . This analysis 
Hop2-Mnd1 interacts dynamically with meiotic Dmc1 filaments
revealed a k off value of 0.009 Ϯ 0.0004 s Ϫ1 , corresponding to a binding half-life of 77.9 Ϯ 5 s ( Fig. 4, B-D) .
To complete the kinetic mechanism of binding, we next tested the association rate (k on ) for Hop2-Mnd1 binding to Dmc1-ssDNA. Having measured the K d and k off , we first calculated the expected k on for Hop2-Mnd1 using the equation K d ϭ k on /k off . This calculation yielded a value for k on,calc of 10.4 ϫ 10 7 M/s Ϫ1 . We next measured the experimentally observed k on,obs value by monitoring the binding of Hop2-Mnd1-mCherry to Dmc1-ssDNA filaments in real time (Fig.  4E) . We then fit the mean integrated Hop2-Mnd1-mCherry fluorescence signal intensity for all Dmc1-ssDNA molecules tested (n ϭ 51) to an association equation (see "Experimental procedures"; note that the calculated decay rate was used as part of the fitting equation (Fig. 4F) ). The data fit yielded an experimental k on,obs value of 8.5 ϫ 10 7 Ϯ 1.5 M/s with an r 2 value of 0.91 (Fig. 4F ). Additionally, we fit each individual Dmc1-ssDNA molecule with the same equation and found no deviation from the averaged mean (Fig. 4G) . Thus, we found good agreement between the calculated and observed values for the association rate constants describing Hop2-Mnd1-mCherry binding to the Dmc1-ssDNA complexes. Our findings are most consistent with a model where the ϳ12 nM K d value for Hop2-Mnd1-mCherry association with the Dmc1-ssDNA filaments arises from a fast on-rate coupled to a relatively slow off-rate.
Punctate binding of Hop2-Mnd1 to recombinase filaments
We had shown previously that Rad51 and Dmc1 can form segregated filaments bound to the same ssDNA molecule when reconstituted in vitro (48) . This observation is in good agreement with previous microscopy studies that suggested that Rad51 and Dmc1 form closely spaced but nonoverlapping filaments in vivo (18) . The segregation of the two recombinases within our in vitro mixed recombinase filaments is readily revealed in experiments using a GFP-tagged version of Hed1, which is a meiosis-specific Rad51-binding protein (49 -51).
As indicated above, we detected binding of Hop2-Mnd1-mCherry to Dmc1-ssDNA but did not observe any Hop2-Mnd1-mCherry binding to Rad51-ssDNA ( Fig. 2D ). Therefore, we next asked whether we could detect the Dmc1 subsections of mixed recombinase filaments using Hop2-Mnd1-mCherry as a Dmc1-specific binding factor. For these experiments, we reconstituted mixed recombinase filaments at a 3:1 or 1:1 ratio of Rad51 to Dmc1 and then injected 30 nM Hop2-Mnd1-mCherry into the sample chambers. The images in Fig. 5A show examples of wide-field microscope images of recombinase ssDNA molecules at each ratio of recombinase tested after incubation with 30 nM Hop2-Mnd1-mCherry. As shown above, 30 nM Hop2-Mnd1-mCherry was sufficient to uniformly coat Dmc1-ssDNA filaments ( Fig. 2A) . However, at a 3:1 ratio of Rad51 to Dmc1, we observed that Hop2-Mnd1-mCherry did not uniformly coat the presynaptic complexes but instead exhibited a more punctate binding pattern (Fig. 5A) . We interpreted the punctate Hop2-Mnd1-mCherry binding patterns as reflecting segregation of Rad51 and Dmc1 into spatially distinct nucleoprotein filaments bound to the same ssDNA molecule, as we had observed previously from experiments using Hed1-GFP (48) .
We also measured the Hop2-Mnd1-mCherry fluorescence signal intensity for data collected at the different ratios of Rad51 to Dmc1. The integrated fluorescence signal intensity of Hop2-Mnd1-mCherry bound to presynaptic complexes prepared at a 3:1 ratio of Rad51 to Dmc1, as expected, was significantly lower (ϳ50%) than the integrated signal intensity for presynaptic complexes prepared with just Dmc1 (Fig. 5B ). This observation suggests that the presence of Rad51 within these mixed recombinase filaments reduces the availability of potential binding sites for Hop2-Mnd1-mCherry. Together, these results are most consistent with a model where Hop2-Mnd1 can bind to 
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the Dmc1 portions of the mixed filaments but does not spread appreciably into the Rad51 subsections of the filaments.
For experiments performed at a 1:1 ratio of Rad51 to Dmc1, some of the presynaptic complexes (ϳ40 -50%) still displayed punctate Hop2-Mnd1-mCherry binding patterns; however, we also observed presynaptic complexes that appeared to be more uniformly coated with Hop2-Mnd1 (Fig. 5A ). This is consistent with an assembly reaction in which the formation of Dmc1 filaments is slightly favored over Rad51 even at equimolar concentration.
We also found that integrated Hop2-Mnd1-mCherry signal intensity for experiments conducted at a 1:1 ratio of Rad51 to Dmc1 was somewhat lower, albeit not significantly different from values obtained from experiments performed with just Dmc1 (Fig. 5B ). However, this observation is also consistent with our previously reported observation that Hed1 staining reaches a relative minimum at a 1:1 ratio of Rad51 to Dmc1 within the context of mixed filaments (48) . In addition, it is also likely that a 1:1 mixture of Rad51:Dmc1 may retain as many Hop2-Mnd1 binding sites as the Dmc1 only filaments, especially given the substoichiometric binding of Hop2-Mnd1-mCherry to Dmc1 only filaments (e.g. at 30 nM Hop2-Mnd1-mCherry, we expect only one Hop2-Mnd1 heterodimer to bind/22 molecules of Dmc1 (see Fig. 3E) ).
Finally, for molecules with spatially resolvable fluorescent foci, we measured the distance between adjacent Hop2-Mnd1-mCherry foci bound to presynaptic complexes reconstituted at 3:1 or 1:1 Rad51:Dmc1 ratios. This analysis revealed mean foci-to-foci distances of 1.2 Ϯ 0.54 and 1.5 Ϯ 0.49 m, respectively (Fig. 5C ). In this case, we interpreted these foci-tofoci distances to reflect the average center-to-center distance between adjacent Dmc1 filaments. The ϳ1.5 m foci-to-foci value for filaments prepared at a 1:1 ratio of Rad51:Dmc1 distance is comparable with the previously reported foci-to-foci value of ϳ1.7 m for Hed1-GFP binding to mixed recombinase filaments prepared at a 1:1 ratio of Rad51:Dmc1. Note that we cannot make a comparison of Hed1-GFP foci-to-foci distances for 3:1 Rad51 to Dmc1 because Hed1-GFP completely coats the presynaptic complexes under these conditions (48) .
Spatial distribution of Hed1-GFP and Hop2-Mnd1-mCherry
We had shown previously that Hed1-GFP binds only to Rad51 filaments, and here we provided evidence that Hop2-Mnd1-mCherry associates exclusively with Dmc1 filaments. Both findings are consistent with prior studies of Hed1 and Hop2-Mnd1 recombinase binding specificities (48, 49) . Together, these findings suggest that during meiosis, when both Hed1 and Hop2-Mnd1 are present, each protein should associate with distinct subsections of the meiotic presynaptic complex: Hed1 should bind to the Rad51 subsections of the filaments, and Hop2-Mnd1 should bind to the Dmc1 subsections.
To test this prediction, we next performed two-color ssDNA curtain assays using presynaptic complexes reconstituted at a 1:1 ratio of Rad51:Dmc1 and examined the binding of both Hed1-GFP and Hop2-Mnd1-mCherry. Under these conditions, we observed examples where the Hop2-Mnd1-mCherry and Hed1-GFP signals were well-resolved from one another, and we also observed examples where the fluorescent signals from the two proteins appeared to overlap one another (Fig. 6 , A-C). A large number of ssDNA molecules exhibited readily observed tracts of both Hop2-Mnd1-mCherry and Hed1-GFP, and in many cases these foci were clearly separated from one another (cf. Fig. 5A and Fig. 6 , A-C). We interpreted these nonoverlapping fluorescent signals from Hop2-Mnd1-mCherry and Hed1-GFP as reflecting the formation of spatially distinct Dmc1 and Rad51 filaments, respectively.
In addition to the well-resolved Hop2-Mnd1-mCherry and Hed1-GFP fluorescent foci described above, we also observed many examples of overlap between Hop2-Mnd1-mCherry and Hed1-GFP fluorescent signals (Fig. 6, A-C) . This finding was not completely unexpected, as we anticipated that presynaptic complexes prepared at a 1:1 ratio of Rad51 to Dmc1 likely comprised a broad distribution of Rad51 and Dmc1 filament lengths. In this scenario, it is possible, if not likely, that there exist many small homotypic Rad51 and homotypic Dmc1 filaments that would not be optically resolved. The resolution of our observations was ϳ1000 nucleotides of ssDNA/ pixel, and we cannot as yet define the spatial distribution of proteins below this resolution limit. However, the fact that large isolated homotypic filaments were also observed supports the idea of homotypic, instead of heterotypic, filaments of Dmc1 and Rad51. 
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For the nonoverlapping fluorescent foci, we measured the peak-to-peak distances between Hop2-Mnd1-mCherry and Hed1-GFP-labeled filaments to estimate the relative size of each filament type. This analysis revealed a distance of 1.6 Ϯ 0.54 m between adjacent Hed1-GFP foci and a distance of 1.45 Ϯ 0.49 m between adjacent Hop2-Mnd1-mCherry, corresponding to a length of ϳ3600 nucleotides or ϳ1200 recombinase monomers (Fig. 6, D and E) . These observations support the conclusions that Rad51 and Dmc1 form homotypic filaments and that Hop2-Mnd1 is recruited to Dmc1, whereas Hed1 is recruited to Rad51 in the context of mixed meiotic filaments.
Discussion
In this study we used single-molecule imaging to investigate the binding properties of S. cerevisiae Hop2-Mnd1 during its interactions with presynaptic complexes comprising either Dmc1-ssDNA, Rad51-ssDNA, or mixtures of both recombinases. Our work revealed that Hop2-Mnd1 binds with high affinity to Dmc1-ssDNA and exhibits binding kinetics that are characterized by a rapid rate of association and a slower rate of dissociation. We saw no evidence of Hop2-Mnd1 interactions with Rad51-ssDNA, consistent with prior reports indicating that S. cerevisiae Hop2-Mnd1 is specific for Dmc1 (40) . Finally, we have provided evidence that Hop2-Mnd1 binds specifically to Dmc1 even in the context of mixed meiotic filaments. These observations provide new mechanistic insights into how Hop2-Mnd1 associates with the presynaptic complex during homologous recombination and suggest a model wherein meiotic presynaptic complexes are composed of distinct subsets of recombination factors whose spatial distribution is defined by the underlying distribution of segregated Rad51 and Dmc1 filaments.
Our work provides detailed insights into the kinetics of Hop2-Mnd1 association with Dmc1 filaments. These results indicate that Hop2-Mnd1 binds very quickly to Dmc1-ssDNA filaments, exhibiting an experimentally measured association rate constant of k on ϭ 8.5 ϫ 10 7 M Ϫ1 /s Ϫ1 . Hop2-Mnd1 dissociates more slowly, exhibiting a dissociation rate constant of k off ϭ 0.009 Ϯ 0.0004 s Ϫ1 , which corresponds to a half-life of ϳ1.3 min. Although this could be considered a relatively long half-life, we note that it is much shorter than other components of the presynaptic complex that we measured in our assays. For instance, Dmc1, Rad51, Hed1, Rad52, and Rad54 do not exhibit any evidence of appreciable dissociation over the course of a 2-h observation periods (27, 49, 74, 75) . We speculated that the more rapid turnover observed for Hop2-Mnd1 may reflect its function in promoting dsDNA capture by the Dmc1-ssDNA presynaptic complex (see below).
In the context of mixed meiotic filaments, we observed that Hop2-Mnd1 specifically associated with Dmc1 regions of the presynaptic filaments and showed a significant degree of isolation from the Rad51-specific-binding protein Hed1. There was In these examples, the locations of Hop2-Mnd1 and Hed1 are highlighted by color-coded bars shown at the sides of the images. C, a typical normalized fluorescent signal trace showing the spatial distributions of Hop2-Mnd1-mCherry and Hed1-GFP bound to an individual ssDNA molecule that was preassembled with a 1:1 ratio of Rad51 to Dmc1. D, histograms showing the peak-to-peak distances between either Hed1-GFP foci (left panel, n ϭ 125) or Hop2-Mnd1-mCherry foci (right panel, n ϭ 115) for ssDNA molecules (n ϭ 125) bound by a 1:1 ratio of Rad51 to Dmc1. The mean distance between adjacent fluorescent foci bound to the same ssDNA molecules was determined from a Gaussian fit to the data.
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some overlap between Hop2-Mnd1 and Hed1; however the fact that large segregated regions of the filament were optically resolvable suggests that regions of overlapping signal may simply represent areas containing shorter Dmc1 and Rad51 filaments that are not readily resolved by optical microscopy.
The biological importance of our findings lies in how meiosis-specific proteins are sorted in the context of mixed meiotic filaments. In this case, Hed1 and Hop2-Mnd1 are anticipated to exist within spatially distinct subregions of the meiotic presynaptic complex by virtue of the underlying spatial segregation of Rad51 and Dmc1 into separate filaments (Fig. 7A) . Hed1 blocks the binding of Rad54 to Rad51, thus down-regulating the strand exchange activity of Rad51 (49 -52, 76, 77) . Rad54 has been implicated in numerous processes during mitotic HR, including the homology search, chromatin remodeling, strand invasion, and removal of Rad51 from heteroduplex dsDNA upon completion of strand invasion (4, 78 -80) . Thus, Hed1mediated down-regulation of Rad54 during meiosis may affect any or all of these processes. As indicated above, Hop2-Mnd1 is thought to promote dsDNA capture by Dmc1, thus enhancing the ability of Dmc1 to conduct the homology search (40, 56, 65, 67) . Taken together, these findings lead to a model in which recombinases that have otherwise very similar biochemical activities can be selectively activated or deactivated by the presence of the appropriate recombinase-specific regulatory proteins ( Fig. 7B) . Although our work focuses on S. cerevisiae as a model system, it also seems plausible that a similar mechanism involving the self-segregation of the Rad51 and Dmc1 recombinases, and the binding of recombinase-specific proteins, may impact the organization of meiotic presynaptic complexes in other eukaryotes.
Although many questions remain, Hop2-Mnd1 is believed to promote dsDNA capture by Dmc1 during the homology search (57, 60 -62) . In this model, Hop2-Mnd1 promotes homologous recombination by promoting dsDNA interactions with the Dmc1-ssDNA presynaptic complex, but the details of this mechanism remain unknown. In principle, Hop2-Mnd1 could function through a cis-acting mechanism, where Hop2-Mnd1 associates first with Dmc1-ssDNA and then allows for more efficient capture of dsDNA (Fig. 7B) . Alternatively, dsDNA delivery by Hop2-Mnd1 could occur either in trans, where Hop2-Mnd1 associates first with dsDNA and then helps deliver the dsDNA to Dmc1-ssDNA ( Fig. 7B ). Our current work does not directly distinguish between these two models. However, our observation that the binding interaction of Hop2-Mnd1 with Dmc1-ssDNA is relatively short-lived (t1 ⁄ 2 ϳ 1.3 min) may reflect a requirement that the Dmc1-dsDNA complex be quickly released from Dmc1-ssDNA if the bound dsDNA is not an appropriate template for guiding DSB repair (Fig.  7C) . Thus, the rapid release of Hop2-Mnd1 from the presynaptic complex may play a role in the Dmc1-mediated homology search mechanism by ensuring turnover of nonhomologous dsDNA substrates. An important next stage of this research will be to begin examining how Hop2-Mnd1 influences the interactions of Dmc1-ssDNA with dsDNA substrates.
Interestingly, yeast Hop2-Mnd1 is expressed only during meiosis and is restricted to interactions with the meiosisspecific recombinase Dmc1 (40) . However, Hop2-Mnd1 in higher eukaryotes also supports Rad51-mediated HR reactions and may function during both mitotic and meiotic recombination. Thus, our studies of yeast Hop2-Mnd1 may also lead to new insights into recombination mechanisms from other organisms.
Experimental procedures
Proteins S. cerevisiae RPA, Rad51, Dmc1, GFP-RPA, mCherry-RPA, GST-Hed1-mCherry, and GST-Hed1-GFP were all purified as described previously (27, 48, 49, 74) . His 6 -Hop2-Mnd1 and Figure 7 . Models for Hop2-Mnd1 interactions with the meiotic presynaptic complex. A, proposed mechanism for regulating the activation of Dmc1 and the inactivation of Rad51 within meiotic presynaptic filaments through the combined actions of Hop2-Mnd1, Hed1, and Rad54. B, models describing possible roles of Hop2-Mnd1 in mediating the interactions between the meiotic presynaptic complex and potential dsDNA templates. In the dsDNA capture model, Hop2-Mnd1 is bound in cis to the Dmc1 subsections of the meiotic presynaptic complex and utilizes its dsDNA-binding domain to facilitate dsDNA capture. In the dsDNA delivery model, Hop2-Mnd1 is bound to the dsDNA and then delivers this dsDNA to the presynaptic complex. C, the presynaptic complex can promote D-loop formation when a homologous dsDNA is available. If the dsDNA substrate bound by Hop2-Mnd1 is not homologous to the Dmc1-bound ssDNA, then the turnover of Hop2-Mnd1 may allow for release of the nonhomologous DNA. Additional descriptions of these models are provided under "Discussion."
Hop2-Mnd1 interacts dynamically with meiotic Dmc1 filaments
His 6 -Hop2-Mnd1-mCherry were purified as follows. The pET-Duet plasmid, containing ORFs of Hop2 and Mnd1 plasmids, was transformed into E. coli Rosetta(DE3) cells (Novagen). Cell were grown to an OD of 0.6 -0.8 at 37°C, and cultures were then shifted to 16°C and induced overnight with 0.3 mM isopropyl 1-thio-␤-D-galactopyranoside. After overnight expression, cells were harvested and resuspended in 10 ml of cell lysis buffer (CLB) (25 mM Tris-Cl (pH 7.5),1 M KCl, 1 mM EDTA, 5 mM ␤-mercaptoethanol, 2 mM imidazole, protease inhibitor mixture (Roche, catalog No. 05892988001), 10% glycerol, and 1 mM phenylmethylsulfonyl fluoride) per liter of cell culture. Cells were lysed with lysozyme and sonication. The lysate was clarified by ultracentrifugation for 45 min at 95,000 ϫ g. The clarified extract was incubated in-batch with cOmplete nickel resin (Roche, catalog No. 05893682001) for 1 h at 4°C. The resin was then washed twice in 5 column volumes of CLB followed by elution in CLB plus 150 mM imidazole. The peak fractions were pooled and then loaded onto a Superdex 200 size exclusion column (120 ml) pre-equilibrated with SEC buffer (25 mM Tris-Cl (pH 7.5), 500 mM KCl, 1 mM EDTA, 5 mM ␤-mercaptoethanol, and 10% glycerol). The column was developed at 1 ml/min, and 1.5-ml fractions were collected. The protein eluted at a molecular mass of around 50,000 Da based on size standards, and peak fractions were pooled and quantified by absorbance at 280 nm; in the case of mCherry protein concentrations, they were quantified by measuring the absorbance of the chromophores at 587 nm (⑀ 587 nm ϭ 72,000 cm Ϫ1 M Ϫ1 ). Samples were flash-frozen and stored at Ϫ80°C.
TIRFM experiments
All experiments were conducted with a custom-built prismtype TIRF microscope (Nikon) equipped with a 488-nm sapphire laser (200 milliwatts, Coherent) and a 561-nm sapphire laser (200 milliwatts, Coherent) as described previously (48, 72, 73) . For all two-color images, we used a custom-built shuttering system to avoid the bleed-through from the green into the red channel during image acquisition. With this system, images from the green (GFP) and the red (mCherry) channels are recorded independently. These recordings are offset by 100 ms, such that when one camera records the red channel image, the green laser is shuttered off, and vice versa (48, 49, 73, 81) .
Flow cells were constructed by deposition of chrome barriers on quartz microscope slides via electron beam lithography and thermal evaporation as described (82) . Bilayers were prepared with 91.5% DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), 0.5% biotinylated-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap-biotinyl)), and 8% mPEG 2000 -DOPE (18:1 PEG 2000:1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]). Bilayers were deposited through sequential injections of a lipid master mix in lipid buffer (20 mM Tris-Cl (pH 7.5) and 100 mM NaCl) as described (72, 73, 81, 82) . The surface was then blocked with Dmc1 buffer (30 mM Tris-Cl (pH 7.5), 100 mM KCl, 5 mM MgCl 2 , 2 mM CaCl 2 , 0.2 mg/ml BSA, and 1 mM DTT) and conjugated to streptavidin to provide attachment points for tethering the biotinylated ssDNA. The ssDNA substrate was prepared by rolling circle replication using phi29 DNA polymerase with a biotinylated primer annealed to M13 circular ssDNA as a tem-plate (72, 75) . The ssDNA was then deposited onto the bilayer, and the flow cell was attached to the microfluidic system.
Rad51 and Dmc1 filament assembly
Rad51 and Dmc1 filaments were prepared as described previously (48, 49) . In brief, The ssDNA molecules were aligned along the diffusion barriers at a flow rate of 0.5 ml/min in Dmc1 buffer plus RPA (30 mM Tris-Cl (pH 7.5), 100 mM KCl, 5 mM MgCl 2 , 2 mM CaCl 2 ,0.2 mg/ml BSA, 1 mM DTT, and 0.1 nM RPA-GFP or RPA-mCherry). Once molecules were aligned, the flow rate was adjusted to 1.0 ml/min, and 0.5 ml of 7 M urea was injected into the flow cell to disrupt any remaining secondary structure; plus RPA-GFP or RPA-mCherry (0.1 nM) was then flushed through the sample chamber at 1.0 ml/min for 4 min. After 4 min, Dmc1 buffer plus ATP (30 mM Tris-Cl (pH 7.5), 100 mM KCl, 5 mM MgCl 2 , 2 mM CaCl 2 , 0.2 mg/ml BSA, 1 mM DTT, plus 2.5 mM ATP) was flushed through the sample chamber at 1.0 ml/min for 3 min. Rad51, Dmc1, or mixed ratios of the two were injected (2 M) into the flow cell, buffer flow was terminated, and the reaction was incubated at 30°C for 20 min to allow filament assembly as described (27, 48, 49, 72) . The RPA fluorescence signal was then monitored to verify filament assembly. Following this 15-min incubation, free recombinase was flushed from the sample chamber with Dmc1 buffer plus ATP.
Data acquisition and analysis
All data were collected with 100-ms integration time. Image acquisition frequency was varied as required for each specific experiment, and the laser was shuttered between frames to minimizing photobleaching as described (48, 49, 81) . Images collected using Nikon software were exported as individual TIFF images. TIFF stacks were imported into ImageJ (Fiji) as described (73, 81) . For two-color imaging, the two channels were first corrected for stage drift and then merged into TIFF images, which were then converted to TIFF stacks. For each time course experiment, kymographs were generated from the TIFF image stacks by defining a 1-pixel-wide region of interest (ROI) along the axis of each individual ssDNA molecule, and these ROI were extracted from each image within the TIFF stack. All of the slices corresponding to one ssDNA molecule were then aligned to yield a kymograph representing the entire experimental time course; this process was repeated for each ssDNA molecule that was analyzed. For ssDNA intensity analysis, a 35-pixel ROI was taken from individual DNA molecules, and the pixel intensity was summed over the length of the DNA to generate an intensity value. A separate 35-pixel ROI was also taken from a region with no DNA molecules, and the intensity measured. This was subtracted from all DNA samples as background, and the resulting background-subtracted values were averaged. For kinetic measurements, the background was subtracted, and the data were normalized by setting the peak intensity to 1 and considering all other signals relative to 1. The data were then either fit by a single exponential decay curve or to an association curve of the form, 
